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WREHVXIIHUHGWRYDU\LQJHQYLURQPHQWDOWHPSHUDWXUHZKLFKPD\PDVNWKHFKDQJHRIPRGDOSDUDPHWHUVLQGXFHGE\
WKHGDPDJHRIEULGJHV)RU H[DPSOH UHVHDUFKHUV IURP/RV$ODPRV1DWLRQDO/DERUDWRU\ IRXQG WKDW WKH ILUVW WKUHH
QDWXUDOIUHTXHQFLHVRI$ODPRVD&DQ\RQ%ULGJHYDULHGDERXWUHVSHFWLYHO\>@GXULQJKRXUVZKHQ
WKHWHPSHUDWXUHRIEULGJHGHFNFKDQJHGDERXWćZKHUHDVWKHQDWXUDOIUHTXHQFLHVRI,%ULGJHKDGOLWWOHFKDQJH
DVDVLJQLILFDQWDUWLILFLDOGDPDJHZDVRFFXUUHGRQWKLVEULGJH>@3HHWHUVDQG'H5RHFN>@IRXQGWKDWWKHILUVWIRXU
QDWXUDOIUHTXHQFLHVRI=%ULGJHLQ6ZLW]HUODQGFKDQJHGDERXWGXULQJPRQWKVDQGWKHQDVHULDORI
GDPDJHWHVWZHUHFRQGXFWHGDQGWKHUHVXOWVVKRZQWKDWWKHYLEUDWLRQIUHTXHQFLHVYDULHGOHVVWKDQDVWKHILQDO
GDPDJHZDV JHQHUDWHG 7KHUHIRUH WKH HIIHFWV RI HQYLURQPHQWDO WHPSHUDWXUH ORDG KDYH EHFRPH WKH EDUULHU WR WKH
GHYHORSPHQWRIGDPDJHGLDJQRVLVRIEULGJHV
,WLVSURPLVLQJIRUWKHGDWDGULYHQPHWKRGWRVROYHWKHLVVXHRIGDPDJHGLDJQRVLVRIUHDOEULGJHVXQGHUWLPHYDULDQW
HQYLURQPHQWDO WHPSHUDWXUH 2QH W\SH RI GDWDGULYHQ DOJRULWKPV >@ LV WR IRXQG WKH UHODWLRQVKLS EHWZHHQ WKH
HQYLURQPHQWDO WHPSHUDWXUH DQG PRGDO SDUDPHWHUV RI EULGJHV VR WKH HIIHFW RI HQYLURQPHQWDO IDFWRUV RQ PRGDO
SDUDPHWHUV FRXOG EH HOLPLQDWHG LQ VRPH H[WHQW$QRWKHU NLQG RI GDWDGULYHQPHWKRGV IRFXV RQZRUNLQJZLWK WKH
FRUUHODWLRQVEHWZHHQ WKHHQWULHVRI WKHGDPDJHIHDWXUHYHFWRUZKRVH LGHD LV WKDW LI WKHUHDUHGLUHFWLRQVZKHUH WKH
YDULDQFHIURPWKHLQIOXHQFHRIWKHHQYLURQPHQWLVVPDOOEXWZKHUHFKDQJHVIURPGDPDJHKDYHVLJQLILFDQWSURMHFWLRQ
WKHQ WKHVH WZRHIIHFWVFDQEHVHSDUDWHG7KHGLIILFXOW\ IRU WKH ILUVW W\SHRIPHWKRGV OLHV LQREWDLQLQJ WKHDFFXUDWH
UHODWLRQVKLSPRGHOEHWZHHQHQYLURQPHQWDOWHPSHUDWXUHDQGPRGDOSDUDPHWHUVRIEULGJHVEHFDXVHWKLVUHODWLRQVKLS
DOZD\VLVIXOORIKHDY\QRQOLQHDUFKDUDFWHULVWLFV)RUWKHODWHUWKHLPSOHPHQWLQJRISURMHFWLRQPHWKRGFDQQRWDYRLG
WKHORVVRIVRPHLQIRUPDWLRQIURPRULJLQDOPRGDOSDUDPHWHUV7KHUHIRUHWKLVW\SHRIPHWKRGZRXOGQRWZRUNLIWKH
ORVWLQIRUPDWLRQLQFOXGHVWKHGDPDJHIHDWXUHRIEULGJH
$VGLVFXVVHGDERYHLQWKLVVWXG\DPHWKRGFRPELQHG*00DQGQRYHOW\GHWHFWLRQZDVSURSRVHGZKLFKXWLOL]HG
WKHFOXVWHUDQDO\VLVWRHOLPLQDWHWKHHIIHFWRIHQYLURQPHQWDOIUHTXHQFLHVRQYLEUDWLRQIUHTXHQFLHVRIEULGJHV8VLQJWKH
*00WKHYLEUDWLRQIUHTXHQFLHVDFWHGE\VLPLODUHQYLURQPHQWDOWHPSHUDWXUHORDGZHUHFODVVLILHGLQWRVDPHFOXVWHU
DQG WKHQ WKHQRYHOW\GHWHFWLRQZDVFDUULHGRXW IRUGDPDJHGHWHFWLRQ:LWK WKLVZD\ WKHHIIHFWVRIHQYLURQPHQWDO
WHPSHUDWXUHRQYLEUDWLRQIUHTXHQFLHVZHUHHOLPLQDWHGLQGLUHFWO\
'DPDJHGLDJQRVLVEDVHGRQ*00FRPELQHGZLWKQRYHOW\GHWHFWLRQ
2.1. GMM for classifying the monitoring vibration frequencies of bridge 
&OXVWHULQJDOJRULWKPVEDVHGRQSUREDELOLW\PRGHOVKDYHEHFRPHLQFUHDVLQJO\SRSXODUIRUFOXVWHULQJGDWDLQDYDULHW\
RIILHOGV*00LVRQHRIHIIHFWLYHPRGHOEDVHGPHWKRGVDQG*00LVDOZD\VGHHPHGDVDPXOWLYDULDWHSUREDELOLW\
GHQVLW\IXQFWLRQZULWWHQLQWHUPVRIWKHZHLJKWHGVXPRIWKH*DXVVLDQSUREDELOLW\GHQVLW\IXQFWLRQV

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GHILQHG DV >  @ Ĭ 7 = ZKLFK LV VDPSOHG IURP D0GLPHQVLRQDO FRQWLQXRXV UDQGRPGLVWULEXWLRQZLWK XQNQRZQ
GHQVLW\  ] Ĭ $VVXPLQJWKDWWKHGDWDFDQEHGHVFULEHGE\DPL[WXUHRIPXOWLYDULDWHQRUPDOFRPSRQHQWGHQVLWLHVDQ
HVWLPDWHRI  ] Ĭ FDQEHREWDLQHGIRUDJLYHQVDPSOH
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ZKHUH GW UHSUHVHQWV WKH PL[LQJ SURSRUWLRQ RIG WK FOXVWHU  GW¦   DQG b LV WKH WRWDO QXPEHU RI FOXVWHUV
2WKHUZLVH  _  G G G) Ĭ ȝ ī LVWKHPXOWLYDULDEOH*DXVVLDQGLVWULEXWLRQIRU WKFOXVWHUZLWKPHDQ Gȝ DQGFRYDULDQFH
Gī ZKLFKLVGHILQHGDVIROORZV
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HVWLPDWHGE\PD[LPL]LQJWKHIROORZLQJORJOLNHOLKRRGHVWLPDWLRQIURPWKHPRQLWRULQJIHDWXUHGDWD
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:LWKWKHFOXVWHULQJDQDO\VLVWKHGDWDVHWĬ LVFODVVLILHGLQWRGLIIHUHQWFOXVWHUVDWILUVWDQGWKHQLQUHJXODUFDVHWKH
FODVVLILFDWLRQRIDQHZREVHUYDWLRQ   >  @ Ĭ 7 = FRXOGEHUHDOL]HGE\XVLQJWKHPD[LPXPDSRVWHULRUL0$3UXOH
ZKLFKDVVLJQVWKHQHZREVHUYDWLRQWRWKHFOXVWHUZLWKWKHODUJHVWSRVWHULRUSUREDELOLW\

:LWK*00GHVFULEHGDERYHPDVVLYHPRQLWRULQJYLEUDWLRQIUHTXHQFLHVRIEULGJHVFROOHFWLQJIURP6+0V\VWHP
FRXOGEHVHSDUDWHGLQWRGLIIHUHQWFOXVWHUV$WHDFKFOXVWHUWKHPRQLWRULQJYLEUDWLRQIUHTXHQFLHVRIEULGJHVVDWLVI\WKH
VDPH SUREDELOLW\ GLVWULEXWLRQ ZKLFK UHIOHFWV WKH VLPLODU HQYLURQPHQWDO HIIHFW RQ VWUXFWXUDO VWLIIQHVV RI EULGJHV
7KHUHIRUHLIZHXVHWKHYLEUDWLRQIUHTXHQFLHVRIRQHFOXVWHUWRGHWHFWGDPDJHWKHHIIHFWRIHQYLURQPHQWDOWHPSHUDWXUH
FRXOGEHHOLPLQDWHGLQGLUHFWO\
2.2. Novelty detection combined with GMM 
7KHLGHDRIQRYHOW\GHWHFWLRQLVVLPSO\WRHVWLPDWHDSUREDELOLVWLFPRGHOXVLQJWKHUHIHUHQFHGDWDDQGDWWKHWLPH
RILQTXLU\GHFLGHWRDFFHSWRUUHMHFWWKHQXOOK\SRWKHVLVEDVHGRQWKHOLNHOLKRRGRIWKHREVHUYDWLRQ7KHFRPSXWDWLRQDO
VWHSVDUHDVIROORZVJLYHQDqGLPHQVLRQDOIHDWXUHYHFWRUyDQGnREVHUYDWLRQVLQWKHUHIHUHQFHVWDWHRUJDQL]HGDV
FROXPQVLQWKHPDWUL[ T Q5 u< HVWLPDWHWKHFRYDULDQFHDV
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ZKHUH< LVWKHPHDQRIHDFKURZ2QWKHSUHPLVHRI*DXVVLDQLW\WKHFRQWRXUVRIHTXDOSUREDELOLW\FRUUHVSRQGWR
YHFWRUV\NIRUZKLFKWKH0DKDODQRELVGLVWDQFHULVFRQVWDQW
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N Nȡ    k
  \ < & \ <                                                                                                                     
7KHVDPHVWHSVFDUULHGRXWLQWKHYDOLGDWLRQVWDJHDUHFDUULHGRXWH[FHSWWKDWLQVWHDGRIILWWLQJDGLVWULEXWLRQWRWKH
0DKDODQRELVRQHVLPSO\FODVVLILHVWKHREVHUYDWLRQDVVXIILFLHQWO\XQOLNHO\WRUHMHFWWKHQXOOK\SRWKHVLV] RUQRW
] QDPHO\]N LI N 7U !U DQGRWKHUZLVH]N 

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,QSUDFWLFHLWLVXVXDOO\SRVVLEOHWRZDLWIRULQIRUPDWLRQIURPDQXPEHURIREVHUYDWLRQVEHIRUHDGHFLVLRQRQDFRXUVH
RIDFWLRQKDVWREHPDGH,IWKLVLVVRRQHFDQRSHUDWHE\LQVSHFWLQJKRZWKHPHWULFDFFXPXODWHGRYHUbREVHUYDWLRQV
FRPSDUHVWRDQDFFXPXODWHGWKUHVKROG6SHFLILFDOO\WDNLQJWKHDFFXPXODWHGPHWULFDV
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RQHFDQVHHWKDWFRQGLWLRQDORQWKHQXOOHDFKYDOXHRI]LVDVDPSOHRID%HUQRXOOLWULDOZLWKVXFFHVVUDWHS 7\SH,
HUURUSUREDELOLW\DQGDVDFRQVHTXHQFHWKDWTEKDVDELQRPLDOGLVWULEXWLRQ7KHSUREDELOLW\WKDWWKHUHDUHHLWKHU
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6HWWLQJ3UDWVRPHSUHVFULEHGOHYHOVD\RQHILQGVWKHYDOXHRI[WKDWLVXQOLNHO\WREHUHDFKHGLIWKHV\VWHPLV
XQGDPDJHGLQEWULDOV:KHQDORQJWLPHRIQRGDPDJHSDVVHVWKHPHWULFTEGHSDUWVIDUIURPWKHWKUHVKROGDQGDVD
FRQVHTXHQFHLWWDNHVWLPHIRUWKHPHWULFWRRYHUVKRRWWKHWKUHVKROGLQFDVHRIGDPDJH
:LWKDERYHWZRPHWKRGVWKHQRYHOW\GHWHFWLRQFRPELQHGZLWK*00LVSURSRVHGDVWKHIROORZLQJSURFHGXUH
L'HWHUPLQHWKHIHDWXUHGDWDVHWĬ E\XVLQJWKHPRQLWRULQJYLEUDWLRQIUHTXHQFLHVDQGHQYLURQPHQWDOWHPSHUDWXUH
GDWDFROOHFWHGIURP6+0V\VWHPRIEULGJHV
LL&ODVVLI\LQJWKHGDWDVHWĬ LQWRGLIIHUHQWFOXVWHUVE\FOXVWHULQJDQDO\VLVLQWURGXFHGLQ6HFWLRQ
LLL$WHDFKFOXVWHULPSOHPHQWGDPDJHGHWHFWLRQE\XVLQJWKHQRYHOW\GHWHFWLRQGHVFULEHGLQ6HFWLRQ
LY0DNHWKHGHFLVLRQIRUDQQRXQFLQJGDPDJHRUQRW
1XPHULFDOH[DPSOH
$IRXUVSDQUHLQIRUFHGFRQFUHWHFRQWLQXRXVER[JLUGHUEULGJHZDVDGRSWHGIRUWKH1XPHULFDOH[DPSOH:LWKDVSDQ
RIîîîPOHIWULJKWVHSDUDWHGJLUGHUVHFWLRQWKHIXOOZLGWKRI VWDQGDUGVHFWLRQZDVP

)LJ7KHVFDWWHUGLDJUDPRIQDWXUDOIUHTXHQFLHVRIUHIHUHQFHVWDWHDQG
GDPDJHVWDWH
)LJ7KHUHVXOWRIQRYHOW\GHWHFWLRQEHIRUH
XVLQJ*00
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7KHWHPSHUDWXUHUDQJHRIEULGJHHQYLURQPHQWLVIURPGHJUHHVFHQWLJUDGHWRGHJUHHVFHQWLJUDGH7KHUHLVD
FRUUHVSRQGLQJUHODWLRQVKLSEHWZHHQWHPSHUDWXUHDQGHODVWLFLW\PRGXOXVWKHUHIRUHGLIIHUHQWWHPSHUDWXUHFRUUHVSRQGV
WRGLIIHUHQWHODVWLFLW\PRGXOXV,IWKHHODVWLFLW\PRGXOXVZDVFKDQJHGVWLIIQHVVPDWUL[ZRXOGDOVREHFKDQJHGVRZH
FDQFDOFXODWHWKHQDWXUDOIUHTXHQFLHVRIEULGJHLQGLIIHUHQWWHPSHUDWXUHFRQGLWLRQ7KHQDWXUDOIUHTXHQFLHVLQYROYHWKH
LQMHFWLRQRIUDQGRPQRLVHLQWRFRPSXWDWLRQDOSURFHVV,WPDNHVWKHFRPSXWDWLRQDOGDWDFORVHUWRWKHPHDVXUHGGDWD
5HGXFLQJWKHHOHPHQWVWLIIQHVVRIWKHPLGVSDQWKDWFDXVHVWKHFKDQJHRIVWLIIQHVVPDWUL[LVWKHDSSURDFKWRVLPXODWH
EULGJHGDPDJH5HIHUHQFHGDWDZHUHIURPRQH\HDUDQGWKHGDPDJHGDWDZDVIURPRQHPRQWK
7KHVFDWWHUGLDJUDPRIQDWXUDOIUHTXHQFLHVRIUHIHUHQFHVWDWHDQGGDPDJHVWDWHLVSORWWHGLQ)LJ7KHEOXHV\PERO
UHSUHVHQWVUHIHUHQFHVWDWHDQGWKHJUHHQV\PEROUHSUHVHQWVGDPDJHVWDWH,WLVGLIILFXOWWRMXGJHRXWGDPDJHVWDWHIURP
WKHVFDWWHUGLDJUDP,PSOHPHQWGDPDJHGHWHFWLRQE\XVLQJWKHQRYHOW\GHWHFWLRQGHVFULEHGLQ6HFWLRQWRSURFHVV
WKHGDWDEHIRUHXVLQJ*00WKHUHVXOWRIQRYHOW\GHWHFWLRQLQ)LJ7KHPHWULFGRHVQRWRYHUVKRRWWKHWKUHVKROGVR
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